The growing recognition that many passive margins have experienced periods of post-rift uplift has raised new questions about the nature of the tectonic processes that drive such uplift. The eastern North America margin is of particular interest because it is a classic Atlanticstyle margin that has long been suspected of tectonic rejuvenation, yet the timing of post-rift uplift events remains elusive. To address this question we present apatite U-Th/He and fission track ages from a 1300 m vertical transect in the White Mountains of New Hampshire (USA), including a 910-m-deep bore hole. Thermal modeling suggests a period of accelerated denudation from ca. 85 to 65 Ma. This timing is broadly similar to the timing of accelerated exhumation and compression on passive margins elsewhere in the Atlantic, raising the question of whether a common mechanism, such as a change in lateral stresses, changes in mantle convection, or climate change, could be responsible.
INTRODUCTION
The topographic evolution of passive margins in the circum-Atlantic region has long puzzled geologists. Conventional wisdom holds that these margins have been tectonically quiescent since the opening of the Atlantic (~200-160 Ma) and owe their relief to relict topography. However, recent studies suggest many passive margins have been rejuvenated by post-rift tectonism, including many in the south Atlantic that were uplifted synchronously during the Late Cretaceous (e.g., Japsen et al., 2012a). Explanations for synchronous rejuvenation can be broadly divided into those involving lateral stresses in the lithosphere (e.g., Fairhead and Binks, 1991), versus those that favor vertical stresses arising from the mantle (e.g., Matton and Jebrak, 2009). One way to distinguish between these forcing mechanisms is to evaluate the extent of Late Cretaceous rejuvenation and particularly whether it occurred outside of the South Atlantic.
Although the passive margin of the northeastern United Staes exhibits abundant geologic evidence for post-rift rejuvenation the timing remains unclear. Offshore sedimentation rates suggest a pulse of exhumation in the Late Cretaceous (Poag, 1989) , hinting that the eastern United States margin could have been part of a circum-Atlantic disturbance at that time (Japsen et al., 2012a). However, this sedimentary record does not reveal the spatial pattern of uplift and exhumation, and thus precludes the direct inference of tectonic rejuvenation. In contrast, the pattern of surficial apatite fission-track (AFT) ages shows that regional differences in post-rift exhumation are likely due to tectonism, but does not reveal a robust time-resolved history (e.g., Roden-Tice et al., 2009). In particular, a cluster of young (75-90 Ma) AFT ages in the White Mountains of New Hampshire suggests more intense post-rift rejuvenation than surrounding areas, consistent with tectonic rejuvenation.
The goal of this study is to obtain a timeresolved exhumation history for the White Mountains by combining zircon U-Pb dating, apatite U-Th/He (AHe), and AFT thermochronology in a 910-m-deep drill core taken near Conway, New Hampshire (see the GSA Data Repository 1 ). Additional surface samples from the drilling site (204 m above sea level), and from a nearby ridgeline (515 m) allow a total vertical relief of ~1300 m (Fig. 1) . Because samples from the drill core are deeper than surface samples, they have more recently passed through their closure temperature and thus record more recent periods of surface exhumation. Analysis of a truly vertical profile at deeper depths is a unique way to detect tectonic exhumation events that are important by passive margin standards, but possibly too small to be clearly recorded in surface cooling ages.
GEOLOGIC SETTING
The White Mountains are largely composed of Silurian to Devonian schists last deformed during the Acadian orogeny, that were intruded by alkaline igneous rocks of the White Mountain Magmatic Series (WMMS) during two episodes 416 www.gsapubs.org | Volume 44 | Number 6 | GEOLOGY from 200 to 165 Ma and 130-110 Ma (Foland and Faul, 1977) . The older group of WMMS magmas is volumetrically dominant and was emplaced during the early stages of Atlantic rifting (McHone and Butler, 1984) .
Although the White Mountains must have decayed significantly from their peak Acadian elevation prior to the opening of the Atlantic (Eusden and Lux, 1994), the region probably underwent renewed uplift due to magmatism and rift-flank processes at the time. The exact amount of denudation since the onset of rifting is unclear; estimates derived from magmatic cooling rates suggest 5-8 km of total denudation since ca. 200 Ma (Doherty and Lyons, 1980), surface AFT ages suggest 3-4 km since the Late Cretaceous (Fig. 1) , and the presence of caldera volcanics suggests as little as 1-2 km of exhumation since ca. 180 Ma (Noble and Billings, 1967) . Equally little is known about the timing and mechanism of exhumation, although AFT age discontinuities across bounding fault systems suggest they could have been reactivated as extensional faults in the Late Cretaceous 
METHODS, RESULTS, AND MODELING
AHe analyses were performed at the Berkeley Geochronology Center (California, USA) and at TRaIL (Colorado Thermochronology Research and Instrumentation Laboratory, University of Colorado, Boulder), AFT analyses were performed at State University New York at Plattsburgh, and U-Th-Pb analyses were performed by laser ablation-inductively coupled plasma-mass spectrometry at Rensselaer Polytechnic Institute (New York State; see the Data Repository). Weighted mean U-Pb zircon ages give 198 ± 5, 185 ± 2, 192 ± 5, 187 ± 1, 198 ± 5 Ma for samples V13 to V17, respectively, demonstrating that all of the units were emplaced early in the first phase of the WMMS and thus share similar early igneous cooling histories. AHe and AFT ages show a clear decrease in age with depth in the drill core ( Fig. 2 ; Tables  DR1 and DR2) . Because a few outlying AHe ages exceed what can be explained by zoning, we have eliminated them from further consideration (open symbols in Fig. 2 ). U and Th zonation measurements were made on 20 representative apatite grains from each sample, but were not made on the same grains used for bulk AHe because those grains were destroyed during bulk AHe analysis. Results show that ~90% of grains exhibit one of three types of zoning: rim enriched, core enriched, or rim and core enriched (Fig. DR1) .
Because AHe ages depend on cooling history, grain size, effective uranium (eU), and zonation, a comparison with AFT ages requires thermal modeling. We implemented two forward models in HeFTy; a linear reference model that assumes a long-term cooling rate of 1.5 °C/Ma, and a fitted model that was iteratively fitted to the combined AHe and AFT data set (Fig. 3 ). Both models were run for each zonation case to constrain the effect of unknown zonation on inducing age dispersion, which was found insufficient to influence the core conclusions of this work (see the Data Repository).
The best-fit t-T paths in the fitted model require a period of accelerated cooling between ca. 85 and 65 Ma (Fig. 3A) . Because this solution is insensitive to the cooling history from ca. 190 to 100 Ma, we implemented an inverse model using the QTQt software (www.iearth .org .au /codes /QTQt/) to constrain the range of permissible thermal histories in this interval. The best-fit (expected) inverse model shows rapid cooling from ca. 85 to 65 Ma, and demonstrates that virtually any thermal history is possible prior to 90 Ma (Fig. 3B ). Both models yield peak estimated cooling rates of 9-12 °C/Ma, (~0.3-0.4 mm/yr using the modern thermal gradient), a marked acceleration from background cooling rates that were likely <1 °C/Ma throughout much of the Cretaceous and Cenozoic.
Model results are reasonable when compared with existing geologic data. For example, estimates of average denudation rate from offshore sediment accumulation are roughly 0.35 mm/ yr (Pazzaglia et al., 2010) . If the modern thermal gradient of 30 °C/km is assumed, the 90 °C of observed cooling in the QTQt model would translate to ~3 km of exhumation, or slightly less if the effect of isotherm advection is considered, consistent with previous estimates of total exhumation given here.
GLOBAL CONTEXT FOR LATE CRETACEOUS EXHUMATION
Although our result is the first clear documentation of accelerated Late Cretaceous exhumation in eastern North America, the timing is in remarkable agreement with a pulse in sedimentation between ca. 85 and 65 Ma in the Baltimore Canyon Trough and also a period of incision in the southern Appalachians (McKeon et al., 2014; Poag, 1989) .
The timing is also in broad agreement with passive margin rejuvenation elsewhere in the Atlantic, most notably in the South Atlantic, where the Brazilian and African margins experienced synchronous reactivation during the Late Cretaceous (Gallagher and Brown, 1999 A second scenario is mantle upwelling, such as the rising limb of an edge convection cell (Fig. 4C) , which could drive differential exhumation without requiring discrete faults along the flanks of the White Mountains. Highresolution convection studies argue that strong gradients in lithospheric density and thickness drive vigorous edge convection that can support short-wavelength topography within ~200 km of the margin (Armitage et al., 2013). Given the thick intrusions of alkaline igneous rocks, the White Mountains seem a good candidate for enhanced edge convection. However, large-scale geodynamic models predict a steady decline in dynamic topography at this location from ca. 120 Ma to present (http://portal.gplates.org/).
A local explanation involving dynamic topography drivers would be particularly compelling if it could also explain the broadly synchronous rejuvenation of passive margins around the Atlantic. One idea is that edge convection cells could have been enhanced during a transition from insulation-driven convection to edge-driven convection as the Atlantic A third plausible scenario is that a change in climate triggered accelerated erosion of the White Mountains, and perhaps other Atlantic margins. One recent study points to a period of global cooling from 83 to 66 Ma (Linnert et al., 2014). However, for climate change to drive ~2-3 km of exhumation over ~20 m.y., significant residual relief is required to facilitate erosion and allow for a sustained isostatic response. The White Mountains are a good candidate for a sustained isostatic response given their presumably thick and buoyant crust. However, in the absence of tectonic compression prior to 85 Ma, the region would have had ~110 m.y. since the rift-to-drift transition to diminish isostatically supported topography. Although many geomorphic models suggest this would leave relatively little relief to erode (e.g., Baldwin et al., 2003), this question clearly warrants further study.
In closing, we consider three options that are possible but less likely. First, detrital zircon studies suggest it is unlikely that exhumation was driven by large-scale drainage rearrangement or capture (Blum and Pecha, 2014). Second, it seems unlikely that exhumation could result from the rapid relaxation of isotherms from 85 to 65 Ma. Although the youngest dikes in the region are ca. 95 Ma, the observed cooling would require these dikes to have sustained a remarkably high thermal gradient of ~55 °C/km prior to cooling. Finally, sea level also seems an unlikely culprit because mean sea level rose slightly from 85 to 70 Ma, and short-term sealevel drops (50-75 m) were not atypically large or long (Haq et al., 1987).
CONCLUSIONS
We have shown that the White Mountains underwent a period of accelerated exhumation from ca. 85 to 65 Ma. Synchronicity with a pulse of offshore sedimentation in the Baltimore Canyon Trough from ca. 85 to 65 Ma supports the idea of passive margin rejuvenation in northern New England. The timing is broadly coincident with a change in spreading direction in the Atlantic, as well as pulses of exhumation and compression observed along passive margins elsewhere in the Atlantic. This raises the question of whether Late Cretaceous rejuvenation may have occurred synchronously on numerous passive margins, perhaps in response to changes in lateral stress regime, changes in mantle convection, or climate change.
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Sampling and Methods

1
The core was drilled in the broad valley of the Saco river at the point where it turns east, exiting 2 the confines of the modern White Mountain topography (Fig. 1) . Sections of drill core were obtained 3 from -122, -402, and -695 m asl, supplemented by a surface samples from the drilling site (204 m asl), 4
and from a nearby ridgeline (515 m asl) for a total vertical relief of ~1300 m (Fig. 2) . The 1.75" diameter 5 core penetrated four major granitic units. The upper ~365 m penetrates the green phase of the Conway 6 granite, followed by the red phase to a depth of ~730 m, the Albany Syenite for the next 120 m, and a 7 hornblende-biotite granite for the final 60 m (Hoag and Stewart, 1977) . The temperature at the bottom 8 of the drill hole was measured at 33°C giving a thermal gradient of 30.3 °C/km relative to the mean 9 surface temperature of 5.4°C. This surprisingly high gradient is consistent with anomalous radiogenic 10 heat production in these granitic phases, which is the reason the core was drilled. 11
Apatite and zircon were separated following standard procedures and AHe analyses were 12 performed at the Berkeley Geochronology Center (BGC) and at the TRAIL lab at UC Boulder. Apatite size 13 and yield varied widely, which is why we do not have AFT data for sample V16 and V14. Apatite was so 14 sparse in sample V14 that only two suitable grains were found for AHe analysis. 15
Here we describe the methods used by the TRAIL laboratory, which are similar to those used by apatite standards (Hurford and Green, 1983; Miller et al., 1985) . Age determinations and length 41 measurements were made dry on an Olympus BMAX 60 microscope at 1600x. This microscope is 42 equipped with a drawing tube for length measurements, which were digitized on a drawing slate. The 43 AFT ages were determined as central ages using the HeFTy program, version 1.8.3 (Ketcham, 2005) . Apatite zonation measurements show that zonation varies widely by sample, and that grains can 69 be generally categorized as unzoned, rim enriched, core enriched, or rim and core enriched (Fig. DR1) . 70
After categorizing zonation in each grain, average normalized zonation profiles were computed for each 71 category of each sample. Simple rim enrichment was the most common type of zonation, appearing in 72 80%, 90%, 70%, and 50% of grains from V13, V15, V16, and V17 respectively. The average core-rim U/Th 73 enrichment factors were large; 8, 9, 30, and 5 for samples V13, V15, V16, and V17 respectively. Weak or 74 unzoned grains (<2x core-rim enrichment) were the next most common, occurring as in 0%, 10%, 15%, 75 and 15% of grains from V13, V15, V16, and V17 respectively. Core-enriched grains were only observed 76 in V16 (15%) and V17 (10%), whereas core and rim enriched were only observed in 13 (20%) and 17 77 (25%). 78
Cl and F concentrations in apatite were determined using a CAMECA SX-100 electron 79 microprobe at RPI. We analyzed X-ray lines of major elements in apatite at 15KeV, 20nA, with a 10 m 80 spot size. The analytical routine included Ca K (on PET), P K (on TAP), F K (on LPC0), Cl K (on LPET), 81
and Ce L (on LLIF). Ca and P were calibrated against apatite (Durango, Smithsonian collection), F 82 against topaz (unknown locality, RPI collection), Cl using sodalite (Bancroft CAN, Harvard collection), and 83
Ce using synthetic Ce-phosphate (RPI). All elements were analyzed for 30 seconds peak time, and 30 84 seconds background, except fluorine. Fluorine was measured for 15 seconds, subdivided into five 3-85 second periods for inspection of time-dependent intensity changes. thermal histories is particularly challenging because zonation of specific grains used for AHe is unknown 94 and varies widely for some samples. As a first step, we seek to understand the amount of dispersion 95 that unknown zonation could induce on the observed ages. To do this, we implemented two forward 96 models in HeFTY (Fig. 3) (Ketcham, 2005) included as an a priori geologic constraint to improve the efficiency of the modeling. It is based on the 104 assumption that a rejuvenated passive margin terrane should not achieve cooling rates approaching 105 those of the most active orogenic belts in the world. Although model results approached this rate (9-12 106 °C/Ma), they did not reach it, demonstrating that the assumption does not influence the model result. 107
We recognize that thermal gradients change over time, but do not view our data as sufficiently precise 108 to model such changes, and transient adjustments are unlikely to affect our first order conclusions. 109
Both forward models were run for each of the relevant zonation cases described above to gauge 110 the effect of unknown zonation on inducing age dispersion. Model inputs were computed for each 111 individual grain, by renormalizing the averaged zoning profile to match the bulk measured U and Th in 112 that grain. Model results thus simulate what the observed age of that grain would be if its unknown 113 zoning profile matched one of the zoning scenarios measured by LA-ICPMS on other grains from the 114 same sample. Figure DR2 shows that the uncertainty induced by unknown zonation is much larger for 115 6 small high eU grains. Likewise, dispersion is magnified in the slowly cooled reference case relative to the 116 fitted case in which all samples are rapidly cooled. Model results also show that dispersion can be 117 mostly attributed to incorrect Ft corrections as opposed to differences in diffusion kinetics between 118 grains. 119
Despite the effects of zonation, the best-fit t-T path is rather tightly constrained and shows that 120 the combined AFT and AHe data require a period of accelerated cooling between ~ 85-65 Ma. The data 121 require a period of rapid cooling for two reasons: 1) to achieve agreement between AFT and AHe ages 122 from the same sample, and 2) to match relatively consistent AHe ages observed within certain samples 123 whose apatite grains show a wide spread in eU contents and/or grain size (e.g. samples V13, V14, and 124 V16). Accelerated Plio-Pleistocene cooling was not a model requirement, but produced slightly 125 improved fits for samples V11 and 16, so was honored for all samples. 126
Although unknown zonation limits the utility of our data for inverse modeling, we used the 127 software program QTQt to gain a sense of the range of permissible thermal histories, particularly in the 128 intervals outside of rapid cooling (Gallagher, 2012) . Both AFT and AHe ages were included in the model 129 whose only prior constraint was a broad temperature constraint of 100 ± 50 °C at 100 Ma. For the sake 130 of simplicity and model efficiency, grains were assumed to be unzoned. 10000 iterations of burn-in 131 followed by 5000 model iterations, yielded likelihood and posterior chains with flat trajectories and 132 rapid variation, suggesting the model had converged on a relatively narrow family of solutions. The 133 expected model shows rapid cooling from ~90-60 Ma, and provides good agreement between observed 134 and modeled ages (Figs. 3, DR3, and DR4) . 135
We note one shortcoming of our model results, which is that the forward and inverse models 136 consistently underestimate the AHe ages of sample V13, implying that the observed ages are 137 anomalously old relative to other AFT and AHe ages in the dataset (Fig. DR2) . This issue is clear in the7 forward model result, which shows the best-fit cooling history for sample V13 is closer to V14 then V15, 139 when it should be roughly equidistant if our proposed cooling history is correct (Fig. 3) . 
